The relative numerosity of the long-wavelength-sensitive (L) and middle-wavelength-sensitive (M) cones and the red-green color appearance, as assessed by means of unique yellow, are stable from fovea to midperiphery (±28 deg nasotemporal). As foveal tests decrease in size, unique yellow progressively shifts toward longer wavelengths, favoring a model of red-green opponency carried by cells whose centers receive input from either L or M cones and whose surrounds receive mixed contributions from both. Individual differences in unique yellow over a 20-nm range and the relative numerosity of L and M cones can be linked by means of this model, suggesting that the relative number of L and M cones is a factor that regulates individual variations in red-green color appearance.
INTRODUCTION
There are known to be changes with retinal eccentricity in the density of the total cone population 1,2 and in the relative numerosity of the subpopulation of shortwavelength-sensitive (S) cones in the human eye. 3, 4 Anatomical findings of the distribution of S cones show close correspondence to psychophysical measurements of the distribution of S cones in the human eye 5, 6 and to the distribution of S cones found in nonhuman primates. [7] [8] [9] [10] In nonhuman primates the long-wavelength-sensitive (L) and the middle-wavelength-sensitive (M) cones are estimated to be represented in nearly equal numbers, 9, 10 although M cones may be more numerous than L cones in baboons. 7 A number of classical [11] [12] [13] and recent [14] [15] [16] [17] [18] [19] [20] psychophysical studies have provided estimates that favor greater numbers of L as compared with M cones in foveal and parafoveal regions in the retinas of color-normal humans, although estimates in some individuals fall below unity. 12, 18 These studies provide a large range of values, including estimates in some individuals of up to nine L cones for each M cone. 18 We address three questions in this paper. The first question is whether the relative numerosity of the L and M cones varies with retinal eccentricity in any individual retina. Hagstrom et al. 21 have reported that the relative amount of M-to-L cone opsin gene expression decreases with retinal eccentricity in human retina such that the value at 40 deg eccentricity is half of that measured in the central retina. In line with this report, some psychophysical studies provide indirect evidence that the relative number of L and M cones may not be stable with eccentricity. There is reported to be a marked reduction in saturation and a progressive decrease in hue discriminability (especially in midspectral regions) with increasing eccentricity. [22] [23] [24] [25] The results of other studies 26, 27 suggest that the apparent color deficiency of the ex-trafoveal retina may be due to changes in neural organization and not to losses in one or more of the cone types. However, recent psychophysical reports show that a full range of well-saturated hues can be observed in the extreme periphery, provided that the intensity and the size of the test stimuli are appropriately scaled with eccentricity. [28] [29] [30] [31] [32] [33] In addition, the photopic luminous efficiency function does not vary with eccentricity if test fields are scaled according to the cortical magnification factor 24, 34 ; this suggests stability in the relative number of L and M cones, because the foveal photopic luminous efficiency function is thought to be based on a linear combination of the L and M cone spectral sensitivities weighted by their relative number. [34] [35] [36] Estimates of the L-to-M cone ratio are stable from 28 deg nasal to 28 deg temporal eccentricity in two colornormal observers of this study. Additionally, in these same two observers, unique yellow is stable over this range of retinal eccentricities. These results are considered within the framework of a model for red-green color opponency that is dependent on two factors: the relative numerosity of the L and M cones and the relative neural weight of the center versus the surround in red-green opponent cells. The results suggest that each cone type's contribution to the red-green opponent site is the same from fovea to midperiphery.
A second question that we address concerns the center-surround neural organization for red-green opponency. We consider a model in which the surround opponency is provided purely by the class that is distinct from that which provides the center opponency and compare it with a second model in which opponency is provided by mixed L and M cone contributions to the surround. We present results showing that, as test size decreases, the choice of unique yellow progressively shifts to longer wavelengths. We argue that this result favors a model of red-green opponent neural organization based largely on cells with mixed L and M cone inputs to surrounds.
We consider a third question, whether red-green color appearance in color normals is standardized or whether it is variable based on individual differences in features of the cone mosaic, in particular, the relative number of L and M cones. The literature survey cited above indicates that individual variability in the relative number of L and M cones may be large. There are at least two attractive proposals in the literature for ways in which color appearance among color normals might be standardized to a large degree despite individual variability in features of the retinal mosaic, such as the relative number of the different cone classes. [37] [38] [39] In this study we present an alternative model and test it against measurements of redgreen color appearance. Estimates of the relative number of L and M cones and of unique yellow in a sample of 11 individuals are used to evaluate whether L and M cone relative numerosity may be linked to variability in red-green color appearance among individuals in this sample. Finally, we discuss whether this linkage may be invalidated in color-normal individuals with extreme values of the L-to-M cone ratio owing to the limited number of cones that contribute to the organization of red-green opponent neurons in foveal and near-foveal retinal regions.
RESULTS

A. Experiment 1: Relative Numerosity of L and M Cones from Fovea to Midperipheral Retina
There is conflicting experimental evidence of whether red-green color vision varies with retinal eccentricity, as reviewed above. Any variations in red-green color appearance with eccentricity could be due to variations in any one of at least three factors: (1) the spectral sensitivities of the L and M cone photopigments, (2) the relative number of L and M cones, and (3) neural mechanisms at the red-green opponent site. To our knowledge, there is no evidence that the relative spectral sensitivities of the cone classes vary with eccentricity in individual eyes. With regard to the second and third factors, any variations in the L-to-M cone ratio with eccentricity in an individual's retina could lead to eccentricity-dependent differences in the receptive field properties of neurons in the red-green opponent pathway unless there were compensating changes in the neural mechanisms at the opponent site. In particular, if M cone relative numerosity declines with eccentricity, 21 then without neural compensation the red-green color-opponent neurons in the periphery should reflect this decline. In turn, changes in color vision in accordance with some studies [22] [23] [24] [25] that suggest a progression toward deuteranopia in the periphery would be expected. However, a change in the relative number of L and M cones with eccentricity need not result in changes in red-green color appearance if compensating neural factors were to act to regulate color appearance across the retina. Experiment 1 was directed at the issue of whether, in the human eye, L and M cone relative numerosity varies with eccentricity from fovea to midperiphery, a region over which recent evidence [28] [29] [30] [31] [32] [33] suggests that color vision is keen. Estimates were made of the relative number of L and M cones from fovea to midperiphery (Ϯ28 deg along the nasotemporal axis) in two color-normal observers.
Methods
a. Observers. The observers were two color-normal males (KL, age 23 years, and SL, age 22 years), who were unaware of the purposes of the experiment. Anomaloscope matches (Neitz Anomaloscope OT) confirmed that they were color-normal trichromats. KL used contact lens corrections for myopia (Ϫ2.25 D); SL was an emmetrope.
b. Stimuli and apparatus. Measurements were made in the right eye along the horizontal meridian at the fovea centralis; at 2, 7, 17, and 28 deg temporal eccentricity; and at 2, 7, and 28 deg nasal eccentricity. (Measurements at 2 deg eccentricity were not completed for observer SL because of his time constraints.) In this range the human eye shows good off-axis optical quality, maintaining relatively constant quality with eccentricity. 40 The sizes of the stimuli were scaled to illuminate roughly the same number of cones at each eccentricity according to estimates of optical scatter 41 and anatomical estimates of cone density. 2 There is reported to be a higher density of cones in the nasal as compared with temporal hemiretina, but this difference is reported for eccentricities greater than 17 deg. 2 Because our main goal was to estimate the relative number of L and M cones at each tested location, the total density of cones should have relatively little effect. Furthermore, no measurements were made at 17 deg eccentricity in the nasal retina because of the proximity of the optic disk. The decision was made to scale the tests with eccentricity to reflect the anatomical estimates of cone density but to use the same size tests for both nasal and temporal locations at each tested eccentricity, including 28 deg, the only location likely to be affected. We expected that, if our methods were sensitive enough, a nasotemporal asymmetry in total number of cones might be detected at 28 deg eccentricity. Precision circular apertures (Newport Corporation, PH series) were used to provide test sizes corresponding to visual angles of 0.86, 1.72, 2.58, and 6.88 arc min for fovea centralis, 2, 7, 17, and 28 deg eccentricities, respectively. Test flashes were of 50-ms duration.
Stimuli were presented with a standard three-channel Maxwellian-view apparatus. One channel provided the test field, whose wavelength was controlled by a monochromator (Instruments SA Model H-20V). Interference filters (Ditric Optics) were used in the two other channels, which combined to produce the 7-deg background field. The rod-bleaching stimulus was also produced by one of these two channels. Test and background radiances were varied with neutral-density filters and wedges. A radiometer-photometer (EG&G Model 450) was used for calibrations.
As shown in Fig. 1A , for foveal tests the observer fixated the center of a (virtual) square defined by four opaque dots (diagonal separations of 2 deg) used as fixation aids. For measurements at 2 deg nasal or temporal eccentricities, the observer fixated one of three dots, with the stimulus appearing midway between the two other dots, located 2 deg to the right or left, respectively, of fixation and vertically separated by 2 deg. For other eccentric measurements, an external LED mounted upon a high-precision micromanipulator (Melles Griot Model 07TPD005) was used. The observer's head position was maintained with the aid of a dental impression bite bar. To further enhance fixational accuracy, observers initiated the test flash when they were sure of accurate fixation. All optical components and the bite bar were anchored to an optical table (Newport Corporation, MS series). A computer aided in the control of the experiments.
c. Procedures. The stimulus sequence is illustrated in Fig. 1B . After 10 min of dark adaptation, a 40% bleach [4.5 log scotopic trolands (td), white light presented for 10 s], producing an initial elevation in rod absolute threshold of 5 log units, 42 was applied. Immediately after applica-tion of the bleach, and before presentation of test lights, the observer light adapted to one of two background fields for 3 min until thresholds stabilized. To favor detection by M cones a 520-nm test was presented on a chromatic adapting background field composed of a mixture of 460and 640-nm lights, chosen to reduce the sensitivity of rods, S cones, and L cones. To favor detection by L cones, measurements were made with a 640-nm test on a 500-nm background field, chosen to reduce the sensitivity of M cones as well as rods. Each background was set at a level to elevate thresholds by 0.5 log unit above the darkadapted value, as illustrated in Fig. 2 . Tests were presented for a period of 20 min after application of the bleach. If data gathering was incomplete, the sequence described above was repeated. Both M and L cone conditions were presented in each session. Four experimental sessions were conducted for each eccentricity. Each data point is based on 200 trials.
The method of constant stimuli was used. In any session, for each condition, 10 levels of test intensities in steps of 0.1 log unit were randomly presented. Ten percent of the trials were blank trials, presented randomly. The task was to place each observation in one of seven categories, corresponding to the degree of certainty that the test was seen. The observer was instructed to use the rating 0 if certain that the test was not seen, 1 if it probably was not seen, 2 if uncertain whether it was seen, 3 if it probably was seen, 4 if it was surely seen, 5 if it was surely seen and brighter, and 6 if it was surely seen and brightest. Two or three practice sessions allowed the observer to become familiar with the stimuli and the rating scale.
Varying Decision Criterion Does Not Bias Estimates of Cone Relative Numerosity
For estimates of the relative number of L and M cones based on yes-no detection tasks [15] [16] [17] the test is assumed to be detected if any one of the illuminated cones absorbs Fig. 1 . A, Observer's view of foveal and eccentric presentations of the stimulus. For foveal measurements (top), the observer was asked to fixate the center of the square whose corners are marked by four dots. For measurements at 2 deg eccentricity (middle), the fixation pattern consisted of three dots in the configuration shown here or in its mirror image. The stimulus was presented midway between the two vertically placed dots. The observer was asked to fixate the third dot. For eccentricities of у7 deg (bottom), the observer was asked to fixate a single fixation light delivered by a source external to the Maxwellian-view apparatus, as shown in this configuration or in its mirror image. B, Sequence of presentation of bleach, background, and test lights presented in the periphery. The bleaching light was first presented for 10 s, after which the L-or M-cone-favoring background was immediately presented. After 3 min of light adaptation, test trials were presented. Foveal measurements were identical, except that the rod bleach was not applied.
Fig. 2. Example of incremental threshold measurements used
to determine the intensity of the background required for raising threshold for the test by 0.5 log unit. The data are derived from the psychometric functions defined by ratings у2 (see text). Open circles, 60% seen according to this criterion. Plus signs, Stiles's theoretical threshold-versus-intensity function. The intensity of the background was chosen as that which elevated threshold 0.5 log unit above the absolute level, as indicated by the arrowhead placed on the abscissa. the required number of quanta. To estimate the relative numerosity of different cone classes, the steepness of the psychometric function for detection based on L or M cones is related to the number of cones contributing to detection. 15 There is no clear separation of sensory from decision processes in such an analysis, and the decision criterion is thought to be rarely, if ever, exceeded by presentations of noise alone. Indeed, the observers in this study apparently adopted a high response criterion, as false alarms were virtually nonexistent (none for observer KL and one for observer SL). Nonetheless, it seemed prudent to investigate the effects of changes in the decision criterion because there is ample evidence that the observer's criterion influences the steepness of the psychometric function for test detection in rod vision 43, 44 and detection of simple patterns. 45, 46 The possibility that different decision criteria produce different estimates of the relative numerosity of L and M cones was discounted.
A rating procedure with seven categories representing the degrees of certainty of the presence of the signal was used to vary the decision criterion. (See details in Subsection 2.B.1.) The cumulative probability functions, defined by each of these response categories, were then evaluated after correction for guessing. The conditional probability P(s͉R i ), the proportion of observations placed in each rating category (R i ) on signal trials, was shown to be a monotonic function of the rating categories, indicating that the observers used the rating scale as intended. 44 Psychometric functions can be generated by use of each of the ratings as successive category boundaries (у1, у2, у3, у4, у5, ϭ6) and treatment of these functions as defining six different decision criteria. The psychometric functions were corrected for guessing, 46, 47 and the analysis 15 used previously for yes-no data was applied to each of these functions. Briefly stated, the model specifies that a test flash that delivers an average number of quanta (x) will be detected if any one of the number (N) of illuminated cones attains a specified quantum absorption. Then the probability of detection (P) can be expressed in terms of Q, the probability that any one cone has not caught the required number of quanta, as follows:
What this equation expresses is that a test will be detected if any one of the N cones illuminated by the flash catches the required number of quanta. If it is assumed that the absorption of quanta in any cone follows a Poisson process, then
where q is the required number of quanta per cone to produce a particular rating. The best fit of this function to the experimental results for L cone and M cone detection determined the relative number of L and M cones.
The psychometric functions associated with the different rating categories gave values for the relative number of L and M cones that were comparable with one another, except for the categories defined by the highest ratings (у5 and ϭ6). For observer KL we estimated the L-to-M cone ratio as 1.99, using a criterion of ratings у2, as 2.00 using у3, and as 2.01 using у4. Hence we concluded that reasonable decision criteria produce similar estimates of the L-to-M cone ratio, and all subsequent results were based on psychometric functions generated by the cumulative responses for ratings greater than or equal to 2, a rating the observers were instructed to use if they were uncertain whether the test had been seen.
Estimates of the L-to-M Cone Ratio as a Function of Eccentricity
Measurements were made along the horizontal meridian at the fovea centralis, at eccentricities of 2, 7, and 28 deg in the nasal retina, and at eccentricities of 2, 7, 17, and 28 deg in the temporal retina for observer KL (Fig. 3 ). For observer SL, measurements were made at fovea centralis, at eccentricities of 7 and 28 deg in nasal retina, and at eccentricities of 7, 17, and 28 deg in the temporal retina ( Fig. 4 ). The smooth curves through the data are the best-fitting functions according to the model 15 described above.
For observer KL, the relative number of L and M cones for eccentricities nasal 28, 7, and 2 deg, for fovea centra- lis, and for temporal 2, 7, 17, and 28 deg were 1.99, 2.00, 1.99, 1.97, 1.93, 2.05, 1.97, and 2.00, respectively, with a mean value of 1.99. For observer SL, the relative number of L and M cones at locations nasal 28 and 7 deg, fovea centralis, and temporal 7, 17, and 28 deg were 1.65, 1.63, 1.60, 1.59, 1.61, and 1.69, respectively, with a mean value of 1.63. These values are within the range of previous measurements in the fovea centralis from this laboratory. [15] [16] [17] 19 Figure 5 is a plot of the relative number of L and M cones at these various eccentricities for observers KL and SL. Standard nondirectional statistical tests for difference in slope revealed no significant difference between the best-fitting line and a line of slope zero ( p Ͼ 0.05) for each observer.
Estimates of the cone density at the tested eccentricities can be obtained from the results of this study. We estimated the retinal areas illuminated by the test stimuli by using the optical spread function of the human eye measured at the fovea 41 and assuming an axial focal length of 16.7 mm. The estimates of the total number of cones illuminated by each test was assumed to be the sum of the estimated L cones plus the estimated M cones at each eccentricity. Figure 6 plots the estimated cone density as a function of eccentricity for observers KL and SL. The results in Fig. 6 are in reasonably good agreement with the anatomical study done by Østerberg, 1 which was based on one eye, and with that done by Curcio et al., 2 which was based on four eyes.
There is reportedly a higher density of cones in the nasal than in the temporal hemiretina for eccentricities greater than 17 deg. 2 In our study no measurements were made at 17 deg eccentricity in the nasal retina because of the proximity of the optic disk. The decision was made to scale the test size with eccentricity to reflect decreasing cone density but to use the same test size for nasal and temporal presentations for a fixed eccentricity. Although the estimated relative number of L-to-M cones is stable over all tested eccentricities, an indication of nasotemporal asymmetry in total numbers of cones can be seen in our results (Figs. 3 and 4 for observers KL and SL, respectively). At each location, an estimate of the total number of cones that are estimated to contribute to the detection of the test is the sum of the estimated number of L and M cones. The largest nasotemporal difference in the total number of cones is clearly that for 28 deg eccentricity. For KL the nasal value is ϳ20 cones, as compared with the temporal value of 15 cones; for SL the nasal value is 14-15 cones, as compared with the temporal value of 10-11 cones. This indication of a nasotemporal asymmetry in cone density in our results is compatible with that estimated by anatomical means. 2
B. Experiment 2: Unique Yellow from Fovea to Midperipheral Retina
The results of experiment 1 indicate that the relative numerosity of L and M cones is stable from central to midperipheral retina along the nasotemporal axis at eccentricities of Ϯ28 deg. This stability of the L and M cone relative numerosity is consistent with a stability in redgreen color appearance for middle-to long-wavelength parts of the spectrum, unless there are changes as a function of eccentricity in other factors, such as the cone spectral sensitivities or the cone neural weights at the coloropponent site. To assess color appearance as a function of eccentricity, we measured unique yellow at locations corresponding to those used in experiment 1. Unique yellow is the wavelength in the red-to-green range of the spectrum for which the relative contributions made via the L and M cones to the opponent red-green color channel are thought to be balanced or in equilibrium. [48] [49] [50] Hence the measured stability in the relative number of L and M cones predicts a stability in the unique yellow wavelength with eccentricity, all else being equal. In extrafoveal locations unique yellow was measured after rod bleaches and upon the cone plateau by means of tests that were size scaled to include approximately the same number of cones at each tested eccentricity.
Methods
The observers and apparatus were as described for experiment 1.
Test sizes were chosen to be large enough to allow for stable judgments of color appearance (as confirmed by pilot experiments) but small enough to permit sampling from a reasonably homogeneous retinal area. Furthermore, the tests were size scaled to contain approximately the same number of cones according to anatomical estimates. 2 The sizes used were 10.3 arc min for the fovea centralis and 25.8, 43.0, 61.9, and 68.7 arc min for eccentricities, 2, 7, 17, and 28 deg, respectively. The retinal illumination of the tests was fixed at 2500 td, and the test duration was 200 ms.
After 10 min of dark adaptation a white light (4.5 log scotopic td for 10 s), estimated to bleach 40% of the rod pigment, was applied. Immediately after application of the bleach, a dim, achromatic background (173-td) field produced by a xenon-arc lamp and suitable neutraldensity filters was viewed for 3 min. Three minutes after the rod bleach the cones recovered to a stable threshold, while the rod bleach in combination with the achromatic background maintained the rod threshold at a level higher than that of the cones for a period of some 20 min, during which time measurements were made. These procedures were applied at all tested eccentricities, including at the (rod-free) fovea, to provide a uniform set of testing conditions to allow for the comparison of unique yellow estimated across the retina. The observer's task was to respond either ''reddish'' or ''greenish'' to wavelengths in the yellow-appearing range presented in a staircase procedure with five randomly interleaved staircases in each session. The unique yellow wavelength was defined as that which produced 50% reddish and 50% greenish responses. The plotted values are the means of 20 different staircases over 4 sessions.
Each feature of the display-small, brief test; dim adapting background; fixation aids-was chosen for a particular purpose, as explained above. For our purposes it is not essential that unique yellow estimated by these procedures prove to be identical to that in other studies, in particular those studies that use larger test fields and no adapting background. Rather, by using tests appropriately scaled with eccentricity and the same adaptation procedures at all test locations, we sought to determine whether unique yellow varies with eccentricity. We note that foveal unique yellow estimated in this study is comparable with the values that were estimated in previous studies, one 50 conducted with a 2.6-deg, 1-s test flash on a dark background with no fixation aids and another 16 (results shown in Fig. 10 below) conducted with an 0.27-deg, 500-ms test flash on a dim background with fixation aids. Figure 7 shows unique yellow measurements at locations spanning 28 deg eccentricity in nasal retina and 28 deg eccentricity in temporal retina for observers KL and SL. Consistent with the stability of the L-to-M cone ratio, the wavelength chosen as uniquely yellow is invariant as a function of eccentricity for both observers. The horizontal lines mark the average values of 571.98 nm for observer KL and 576.54 nm for observer SL. The slope of the best-fitting straight line is ϩ0.009 for KL and Ϫ0.024 for SL. Standard nondirectional statistical tests for difference in slope revealed no significant difference between the best-fitting line and a line of slope zero ( p Ͼ 0.25).
Estimates of Unique Yellow as a Function of Eccentricity
As noted above, the contribution of the L and M cones to the red-green opponent site depends on at least three factors: the spectral sensitivity of each cone class, the relative numerosity of each class, and the neural weighting of each class at the opponent site. A priori, each of these factors may vary with eccentricity and among individuals. Furthermore, significant variation in any one of these factors may be expected to produce changes in color vision unless such variation is countervailed by environmental or other factors that work to standardize color vision. 37, 38 The results of experiment 1 show no significant variation in the relative numerosity of L and M cones from fovea to periphery in two color-normal observers. Experiment 2 shows, for the same two observers, that unique yellow is also unvarying over the same range of eccentricities. The results of experiment 2 support a scheme in which fovealike red-green color vision is maintained into the midperiphery and suggest that this stability may be based on the maintenance of the relative numerosity of L and M cones over the same retinal extent. These results are consistent with recent findings that suggest that a full range of well-saturated hues can be observed even in the extreme periphery, provided that the intensity and the size of the test stimuli are appropriately scaled. [27] [28] [29] [30] [31] [32] 
C. Experiment 3: Red-Green Opponency and the Organization of Foveal Receptive Fields
Many models of red-green color appearance are based implicitly on receptive fields organized with a strict segregation of inputs from either L or M cones to the center and from the other class to the surround. In this section we present experimental results that suggest instead that red-green opponency is based on cells with mixed contributions from L and M cones to surrounds.
In the primate retina, red-green opponency is thought to be carried by the midget ganglion cell of type 1 and the parvocellular laminae of the lateral geniculate body. 51 There are a number of unresolved details of the retinal connectivity on which the midget ganglion cell receptive field is based, and, indeed, it is an open question whether a ganglion cell type other than this one might be the primary carrier of red-green opponency. 52, 53 Nonetheless, the midget ganglion cell of type 1 remains a prime candidate for conveyance of red-green signals. Two models of the type 1 red-green receptive field are currently considered feasible. In one, the selective surround model, the surround is fed exclusively by the cone class different from that which provides the center 54, 55 ; in the second, the mixed surround model, the surround is provided by a mixed input of L and M cones. [56] [57] [58] Regardless of which model is considered, it is reasonable to assume that the responses of all illuminated midget ganglion cells, pooled at higher sites in the color pathway, form the basis for red-green color appearance and, in particular, the determination of unique yellow. Red-green color appearance for large test fields should reflect the integration of all illuminated red-green opponent ganglion cells. As test fields are reduced in size, they may incompletely illuminate groups of cones that normally provide inputs to particular ganglion cells. Distinct predictions of changes in color appearance with reductions in test size can be made, depending on which of these two models of midget ganglion cell receptive field organization is considered.
If surrounds are selective and are fed by the cone class that is different from the one that feeds the center, L-center as well as M-center cells are equally efficient in coding red-green color information. In accordance with the results in the literature, let us assume that the L cones are more numerous than the M cones in the fovea and, therefore, that L-center cells are more numerous than M-center cells. An L-center cell is more likely to draw from distant M cones for its surround, whereas an M-center cell should be able to draw from nearby L cones for its surround. For large test fields, large numbers of L-center and M-center cells are illuminated, and the relative number of these cells should reflect the relative population of L and M cones. It is reasonable to expect that, as test size is reduced, the L-center cells are more likely to be compromised: Illumination may fall upon an L cone feeding an L-center cell, but the more distant M cone supplying the receptive field surround may not be illuminated. In this case the L-center signal is effectively enhanced because of the lack of M cone opponency. On the other hand, illuminated M-center cells should tend to respond as usual because, as noted above, nearby L cones are likely to provide the cell's surround. If so, then the red-green signal to central color sites may be overweighted toward the red for smaller than for larger fields. Thus the wavelength selected as unique yellow for a large field is predicted to tend to look too red if it is seen as a small field, and unique yellow is predicted to shift toward shorter wavelengths when it is estimated with small fields.
A different prediction is made if surrounds are mixed instead of selective. It is reasonable to expect that the larger the L-to-M cone ratio, the more likely that-for both M-center and L-center midget ganglion cellssurrounds are dominated by L cones. Thus L-center cells in an L cone rich retina would not code red-green color signals as efficiently as the M-center cells whose surrounds are provided predominantly by L cone contributions. As test size decreases, it might be expected that, for M-center cells near the margins of illumination, contributions to the surround from other, distant M cones should be reduced, thereby enhancing the central M cone response. Hence the mixed surround model leads to the predictions that the unique yellow wavelength selected for a large field should look too green when it is viewed as a small field and that the small field unique yellow should show a shift toward longer wavelengths.
Methods
The methods were as described in experiment 2 for the fovea, with the following exceptions: The observers were two color-normal males (VC and MS), who were unaware of the purposes of the experiment. Anomaloscope matches (Neitz Anomaloscope OT) confirmed that they were color-normal trichromats. Test sizes were 3, 6, 10, 30, and 60 arc min. All tests were centered at the fovea with the fixation aid illustrated at the top of Fig. 1A .
Estimates of Foveal Unique Yellow as a Function of Test Size
Red-green color judgments as a function of wavelength for tests of diameters 3, 10, 30 arc min are shown in Fig. 8 for observers VC and MS. As test size decreases, fixed wavelengths are judged to be progressively greener. For example, observer MS judges 590 nm to be red on all trials when they are seen as a test of 30 arc min, but this same wavelength is judged to be green on roughly 35% of trials if they are seen as a test of 10 arc min and green on 100% of the trials if they are seen as a test of 3 arc min. Figure 9 plots the unique yellow wavelengths-those wavelengths judged red (green) on 50% of trials-as a function of test size. For observer VC, unique yellow for larger fields (30 and 60 arc min) is roughly 575 nm and shifts to longer wavelengths by as much as 10 nm for smaller test sizes. Observer MS chooses 583 as unique yellow for test sizes from 10 to 60 arc min and progressively longer wavelengths for test sizes less than 10 arc min.
These results tend to favor the mixed surround model of red-green opponency. Although the retinal circuitry that is responsible for the receptive fields of midget ganglion cells is not fully understood, other evidence supports this model. In foveal and near-foveal regions of the retina, each midget bipolar cell is fed by a single cone, 59 and, in turn, each midget ganglion cell is fed by a single midget bipolar cell. 60 Furthermore, each cone receives processes from three to four H1 horizontal cells, each of which receives nonselective inputs from two M or L cones. 61 As one possibility, if H1 cells act to reduce the transmembrane potential of the cones that they contact, then each midget ganglion cell receives input from a single cone for its center response and nonselectively from as many as six to eight other L and M cones for its surround response. Clearly, all of color appearance cannot be explained by this or any other model set at the level of the ganglion cells. Rather, we propose that ganglion cells, as we describe here, convey red-green signals to higher sites in the color pathway and that, regardless of the nature of further neural processing at higher sites, these ganglion cells help form the basis for red-green color appearance.
D. Model of Red-Green Opponency and Color Appearance
It is an open question whether red-green color appearance is standardized in color normals or whether it shows individual variability based on features of the cone mosaic, in particular, the relative numerosity of L and M cones. There is now a preponderance of evidence that in the human retina the L cones are more numerous than the M cones. [15] [16] [17] [18] [19] [20] Moreover, individual variability in the relative number of L and M cones appears to be large, with values as high as nine L cones for each M cone. 18 Furthermore, the L and M cones appear to be randomly Fig. 8 . Proportion of test lights of a given wavelength judged to appear green as a function of wavelength plotted for observers VC and MS. The smallest circles represent the results for a 3-arc-min test; the medium-sized circles, for a 10-arc-min test; and the largest circles, for a 30-arc-min test. arrayed 19, 20 within the photoreceptor mosaic. In this subsection we consider whether this large range in the relative number of L and M cones and their random placement within the photoreceptor array might have an effect on individual variability in color appearance.
There are a number of attractive proposals in the literature for ways in which color appearance among color normals might be standardized to a large degree, despite individual variability in features of the retinal mosaic, such as the relative numbers of the different cone classes. One idea, proposed by Pokorny and Smith 37 and by Mollon, 38 specifies that the spectral position of unique yellow is the wavelength that produces the same relative quantum catch in the L and M cones as does the average environmental illuminant. According to this idea, individual variability in the relative numerosity of the cone classes and individual variability in the L and M cone photopigments are not related to color appearance. Thus, under this hypothesis, individual variability in color appearance, for example as gauged by estimates of unique yellow, should be minimal. An alternative proposal by MacLeod 39 is that compensating neural connections render color appearance nearly identical for all observers regardless of any variability in the cone spectral sensitivities or the cone relative number. The appeal of these proposals is that color appearance is standardized for color-normal observers.
According to an alternative hypothesis, 16 color appearance is not identical for all observers and, in particular, unique yellow, the equilibrium hue for red-green opponency, varies among individuals in a way linked to the relative number of L and M cones. This hypothesis is consistent with the well-documented 20-nm range 48, 50, [62] [63] [64] [65] [66] in the choice of unique yellow among color normals. In this section we report the results of testing the predictions of a mixed surround model for red-green opponent receptive fields, the model favored by the results of experiment 3, against measurements of unique yellow and the L-to-M cone relative numerosity for eleven observers (the four observers of this study and seven others 16 investigated in our laboratory).
It is important to note that these ideas need not be mutually exclusive. Clearly, individual differences exist, but standardization toward a norm may also play a role in color appearance. Indeed, nothing in this study can exclude the possibility that mechanisms 37-39 for standardization of color appearance, as noted above, are also at work in the color pathway. Rather, the development in this section is designed to establish that a reasonable model of color appearance can be based on individual differences in the relative number of the cone classes in the human retina. Such a model, we show, can explain much, but not all, of the range in unique yellow among color normals. Other factors than these two that may play a role in determining color appearance are discussed below (Subsections 3.B and 3.C).
Experiments 1 and 2 indicate that the relative numerosity of L and M cones can be directly linked to red-green color appearance from fovea to midperiphery in an individual's retina. Experiment 3 suggests that the foveal receptive fields that carry red-green opponency do so via a neural organization with mixed L and M cone inputs to surrounds. For a typical ON-center cell this can be expressed as
where L() and M() represent the cone spectral sensitivities and c represents the relative neural weight for the center as compared with the surround. The center is provided by a single M cone, 59, 60 and j and k represent the number of L and M cones, respectively, that contribute to the surround. In this formulation, on average over all such cells, j/k represents the relative numerosity of the L cones as compared with the M cones, assuming that the total number of cones that contribute to the receptive field surround, j ϩ k, is large enough. (In the discussion below we discuss the effect of large values of the L-to-M cone ratio on the relative contributions of L and M cones to surrounds.) Without loss of generality, we can set k ϭ 1. Then, for Y , the unique yellow wavelength,
This expression describes the relationship among unique yellow ( Y ), the relative numerosity of L and M cones ( j/k), and the relative neural weight (c) for contributions to the center versus the surround in red-green opponent cells. Assuming that neural weight c is unvarying among individuals, Eq. (2) states that unique yellow, and by implication red-green color vision, varies among color normals directly according to the relative numerosity of L and M cones. It is immediately apparent that this model predicts that individuals with higher L-to-M cone ratios should tend to choose shorter unique yellow wavelengths, given that the max of the M cone pigment lies well short of unique yellow. Figure 10 plots unique yellow as a function of the relative number of L and M cones for 11 individuals studied in this laboratory, including the 4 individuals who participated in this study. In this sample of color-normal observers the range of L-to-M cone ratios was approximately 1.6-2.5, with a corresponding range for unique yellow of roughly 568-583 nm. As expected, Fig. 10 . Unique yellow plotted as a function of the relative number of L and M cones for foveal measurements in 11 observers [4 observers from this study (filled circles), and 7 from a previous study 16 ]. The predictions are from the model described in the text [Eq. (2)]. A relative weight of center versus surround of 3.8 for the red-green opponent receptive fields best describes these results.
individuals with higher L-to-M cone ratios tend to choose shorter unique yellow wavelengths.
The best fit to the results plotted in Fig. 10 is obtained with c ϭ 3.8 as the relative weighting of center to surround. According to the proposed model, the range of 568-583 nm in unique yellow is consistent with a range of L-to-M cone ratios among color normals spanning roughly 1.7-2.7, assuming that this is the only source of individual variability in red-green color opponency. It can be seen that the relationship between unique yellow and the relative numerosity of L and M cones for the individuals in this study conforms reasonably well to the proposed model. The proposed model differs from an earlier version 16 in that there is an explicit link to the higher weight accorded to center than to surround of red-green opponent cells. The relative contribution of the L cones as compared with the M cones can be expressed as j/(c Ϫ 1) for k ϭ 1. This value ranges from 0.61 to 0.96 for the 11 observers whose results are shown in Fig. 10 .
The development thus far specifies how two factors, the relative numerosity of L and M cones and the cone neural weights at the opponent site, help to regulate red-green color vision. Furthermore, the proposed model directly links the relative cone neural weights to the preferential weighting of center as compared with surround of midget ganglion cells. The remaining factor in this model is the variability in cone pigment, max . Current estimates of the individual differences in L and M cone pigment max (Refs. 67-69) indicate a range of no more than 6 nm, not sufficiently large to account for the 20-nm range in unique yellow among individuals. We do not have estimates of the cone pigment spectral sensitivities in any of the individuals of our study. Thus we can only point to this factor and the possibility that it may explain the remaining variability that is unaccounted for by the model represented by Eq. (2) and displayed in Fig. 10 . A moredetailed evaluation of variability in max among individuals is deferred to Section 3.
We note that, based on Eq. (2) alone, individuals with extreme values of L and M cone relative numerosity might be expected to choose unique yellow outside the range in the literature. In Section 3 below we consider such individuals and suggest a way in which the limited extent of foveal receptive fields can provide an automatic normalization of red-green color appearance by imposing a limit on the number of cones that contribute to the receptive field surround, even for extreme values of L and M cone relative numerosity.
DISCUSSION
A. Color Perception in the Periphery
Unlike the results of earlier experiments for which changes in color vision with eccentricity among colornormal trichromats were reported, [22] [23] [24] [25] recent reports show that one can achieve fovealike color vision in the periphery at eccentricities up to 40 deg by increasing stimulus size for peripheral measurements. 30 Some studies, based on hue cancellation with humans 31 and the activity of color-opponent ganglion cells in primates, 70 describe a complex pattern with stable color vision up to approximately 20 deg eccentricity but increasing L cone contribu-tion beginning at approximately 30 deg eccentricity. In good agreement with recent psychophysical assessments of red-green color vision, the results of the present study show a stability in the relative numerosity of L and M cones as well as of the unique yellow wavelength from fovea to nasal and temporal midperiphery (28 deg eccentricity) when measurements are made with test stimuli scaled according to cone density at each eccentricity. The results of the present study show no changes in unique yellow or in the relative numerosity of L and M cones at 28 deg eccentricity in nasal and temporal retina as compared with the fovea, contrary to the expectations based on reports of a relative decrease in M cone opsin expression 21 and a relative increase in the contribution of L cones 31, 70 for similar midperipheral locations.
B. Individual Variability in Cone Spectral Sensitivities and Unique Yellow
The derivations of the cone neural weights and coefficients were based on the assumption that the L and M cone spectral sensitivities are the same for the observers used in this study. This assumption is tenable in view of recent results in the literature that support only modest variation in the photopigment spectral sensitivities among individuals. Measurements of photocurrents from the isolated outer segments of individual cones show that there is little within-or between-individual variability (standard deviation of 1.5 nm) in the absorption characteristics of human cones of a given class. 68 In accordance with this finding, there is reported to be a modest difference of 4.3 nm in max of two L cone pigment absorption spectra derived with photobleaching in tissue culture cells transfected with DNA clones of human genetic material. 69 These measurements, indicating a modest range of differences in the cone pigments among individuals, are generally consistent with conclusions from psychophysical studies, yielding estimates of little 67 or modest [71] [72] [73] [74] variability for the range of max differences in any cone class among color-normal individuals. However, results from microspectrophotometry 75, 76 are consistent with a larger variability of 10-12 nm in the peak absorption of L as well as M cone photopigments.
Can the 20-nm range in unique yellow recorded in the literature 48, 50, [62] [63] [64] [65] [66] be explained on the basis of variations among individuals in the L or M cone pigments? Even sizable shifts in the L cone pigment max produce little change in the predicted value of unique yellow because over this range of wavelengths the L pigment spectral sensitivity is relatively flat. For example, a shift of ϩ9 nm in max of the L cone pigment is calculated to produce a change toward shorter wavelengths of 1 nm in unique yellow, and a shift of Ϫ9 nm is calculated to produce a change toward longer wavelengths of 5 nm. Thus variability in the L cone pigment alone cannot account for the full range of variability among color-normal observers in the locus of unique yellow. If one considers the variability in the spectral sensitivity of the M cone pigment alone, accounting for the entire range (568-588 nm) of variability in unique yellow among color-normal observers requires a range of Ϫ7 to ϩ9 nm in max . Such a 16-nm range is larger than the largest reported in the literature as reviewed above. Hence individual variability in cone photopigment spectral sensitivities-even when one considers the combined effect of variations in both L and M cone pigment max -is not likely to be the sole determinant of individual variability in red-green color appearance as measured by unique yellow. On the other hand, it is large enough to account for the departures from the predictions of the model proposed in this study (Fig. 10 ).
C. Extreme L and M Cone Relative Numerosity and Red-Green Color Appearance
The model proposed above links L and M cone relative numerosity and red-green opponency in the fovea. The model predicts a range for unique yellow that approximately matches the range recorded in the literature for color-normal observers and that also matches the results from 11 color normals tested in this laboratory (Fig. 10) . The development in this study establishes that a reasonable model of color appearance can be based on individual differences in the relative number of the cone classes in the human retina. Note that nothing in this study can exclude the possibility that mechanisms [37] [38] [39] for standardization of color appearance as noted above are also at work in the color pathway. Indeed, there are reports of observers with extreme L-to-M cone ratios who nonetheless select unique yellow within this normal range. For example, heterozygous carriers for X-linked color-vision deficiencies with extreme L-to-M cone ratios are reported to show no differences in judged red-green color appearance as compared with color-normal individuals. 77, 78 These findings of a dissociation between unique yellow and the L-to-M cone ratio support the possibility that the spectral position of unique yellow may depend on factors other than the relative number of L and M cones. [37] [38] [39] Can the model proposed in this paper (Subsection 2.D) provide an alternative account for such observers? If the green-red signal is carried by means of opponency between receptive field center and surround, a kind of normalization of this signal is automatically imposed by the limitations of the inputs to the midget ganglion cell. There are two ways in which this point can be argued. First, it is estimated that in foveal and near-foveal regions the dendritic spread of midget ganglion cells is of the order of 4-5 m, 60 extending over roughly 1 arc min, a range estimated to include some seven cones. Second, each midget ganglion cell in foveal and near-foveal regions receives input from a single midget bipolar cell, 60 which is fed by a single cone. 59 Each cone receives processes from 3-4 H1 horizontal cells, each of which receive inputs from two M or L cones in this region of the retina. 61 In this case, if H1 cells act to reduce the transmembrane potential of the cones that they contact, then each midget ganglion cell receives input from a single cone for its center response and potentially six to eight other cones for its surround. Thus, in either case, a single L or M cone provides the center of a midget ganglion cell, and at most six to eight L and M cones contribute to its surround. This would be the case regardless of how high the L-to-M cone relative numerosity might be. We suggest that this is a mechanism that ensures that red-green color appearance is somewhat standardized in trichromats, consistent with the 20-nm range of unique yellow found in the literature.
It should be noted that, for extreme L-to-M cone ratios that are less than unity, the same arguments hold. In this case M-center cells are not capable of effectively carrying a red-green opponent signal, because their surrounds are likely to be composed largely of M cone inputs. L-center cells, on the other hand, could effectively convey red-green opponency by virtue of the relatively larger number of M cones as compared with the number of L cones that compose their surrounds. Additionally, the total number of L and M cones that contribute to the surround would again be at most eight by the argument made above.
D. Cone Contributions at the Red-Green Opponent Site
Estimates based on contrast detection tasks 79 and grating detection tasks 80 are in agreement that detection by means of the red-green mechanism depends on equally weighted differences of the L and M cones. If, as has been argued, 81 the red-green detection mechanism is identical to the red-green color-opponent mechanism, our estimates of the cone contributions at the color-opponent site should match the estimates based on detection. The results of this study yield a value of the ratio of L cone contribution to M cone contribution at the red-green opponent site [see Eq. (2)] as ranging from 0.61 to 0.96 for the 11 observers described in Fig. 10 . Hence, in our results, although some observers provide estimates of equal weighting of the L and M cone contributions to red-green color appearance, most observers yield a value below unity. The color appearance task of the present study and a detection task may not be processed in the same way by the color-opponent pathway, raising the possibility that, as compared with contrast or grating detection, color appearance for suprathreshold lights is regulated at a different point in the color-opponent pathway. 
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